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EROSION RESISTANT COATINGS AND METHODS THEREOF 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application claims the benefits of U.S. Provisional Patent Application 
Serial Number 60/524,098 filed November 21, 2003, which is fully incorporated 
herein by reference. 

BACKGROUND 

[0001] The present disclosure generally relates to coating methods and 
compositions for turbine components. These coatings and processes are especially 
suitable for hydroelectric turbine components, which exhibit improved silt erosion 
resistance from the coating. 

[0002] Components are used in a wide variety of industrial applications under 
a diverse set of operating conditions. In many cases, the components are provided 
with coatings that impart various characteristics, such as corrosion resistance, heat 
resistance, oxidation resistance, wear resistance, erosion resistance, and the like. 

[0003] Erosion-resistant coatings are frequently used on hydroelectric turbine 
components, and in particular, the runner and the guide vanes, for Francis-type 
turbines, and the runners, needles, and seats for Pelton-type turbines, as well as 
various other components that are prone to silt erosion. Erosion of these components 
generally occurs by impingement of silt (sand in the water) and particles contained 
therein (e.g., Si0 2 , A1 2 0 3 , Fe 2 0 3 , MgO, CaO, clays, volcanic ash, and the like) that 
are carried by moving bodies of water. Existing base materials for hydroelectric 
turbine components such as martensitic stainless steels do not have adequate erosion 
resistance under these conditions. For example, hydroelectric turbine components 
when exposed to silt in the rivers that exceed 1 kg of silt per cubic meter of water 
have been found to undergo significant erosion. This problem can be particularly 
severe in Asia and South America where the silt content during the rainy season can 
exceed 50 kg of silt per cubic meter of water. The severe erosion that results damages 
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the turbine components causing frequent maintenance related shutdowns, loss of 
operating efficiencies, and the need to replace various components on a regular basis. 

[0004] In order to avoid erosion problems, some power stations are configured 
to shut down when the silt content reaches a predetermined level to prevent further 
erosion. Oftentimes, the predetermined level of silt is set at 5 kg of silt per cubic 
meter of water. In addition to shutting down the power stations, various anti-erosion 
coatings have been developed to mitigate erosion. Such coatings include ceramic 
coatings of alumina, titania, chromia, and the like; alloys of refractory metals, e.g., 
WC-CoCr coatings; WC-Co, WC-CoCr + NiCrBSi coatings; carbides; nitrides; 
borides; or elastomeric coatings. However, current compositions of the above noted 
materials and processes used to apply them generally yield coatings that are not 
totally effective during prolonged exposure to silt. 

[0005] Current erosion resistant coatings are usually applied by thermal spray 
techniques, such as air plasma spray (APS) and high velocity oxy-fuel (HVOF). One 
limitation to current thermal spray processes is the limited coating thicknesses 
available due to high residual stress that results as thickness is increased by these 
methods. As a result, the final coating is relatively thin and fails to provide prolonged 
protection of the turbine component. Other limitations of these thermal spray 
processes are the oxidation and decomposition of the powder feed or wire feed stock 
during the coating process that form the anti-erosion coating, which can affect the 
overall quality of the finished coating. For example, present thermal spray processes 
such as plasma spray, wire spray, and HVOF are currently used for coating turbine 
components. These thermal spray processes generally leave the resulting coating with 
relatively high porosity, high oxide levels, and/or tends to decarborize primary 
carbides, if present in the coating. All of these factors have significant deleterious 
effects at reducing erosion resistance of the coatings. 

[0006] Of all the different prior art deposition processes, HVOF yields the 
most dense erosion resistant coatings and as such, is generally preferred for forming 
erosion resistant coatings. However, even HVOF yields coatings with high residual 
stress, which limits the coating thickness to about 500 microns (0.020 inches) in 
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thickness. Also, because of the gas constituents used in the HVOF process and 
resulting particle temperature and velocity, the so-formed coatings generally contain 
high degrees of decarburization, which significantly reduces the coating erosion 
resistance. 

[0007] Preparation of erosion resistant coatings must also account for fatigue 
effects that can occur in the coating. The fatigue effects of a coating have often been 
related to the strain-to-fracture (STF) of the coating, i.e., the extent to which a coating 
can be stretched without cracking. STF has, in part, been related to the residual stress 
in a coating. Residual tensile stresses reduce the added external tensile stress that 
must be imposed on the coating to crack it, while residual compressive stresses 
increase the added tensile stress that must be imposed on the coating to crack it. 
Typically, the higher the STF of the coating, the less of a negative effect the coating 
will have on the fatigue characteristics of the substrate. This is true because a crack in 
a well-bonded coating may propagate into the substrate, initiating a fatigue-related 
crack and ultimately cause a fatigue failure. Unfortunately, most thermal spray 
coatings have very limited STF, even if the coatings are made from pure metals, 
which would normally be expected to be very ductile and subject to plastic 
deformation rather than prone to cracking. Moreover, it is noted that thermal spray 
coatings produced with low or moderate particle velocities during deposition typically 
have a residual tensile stress that can lead to cracking or spalling of the coating if the 
thickness becomes excessive. Residual tensile stresses also usually lead to a 
reduction in the fatigue properties of the coated component by reducing the STF of 
the coating. Some coatings made with high particle velocities can have moderate to 
highly compressive residual stresses. This is especially true of tungsten carbide based 
coatings. Although high compressive stresses can beneficially affect the fatigue 
characteristics of the coated component, high compressive stresses can, however, lead 
to chipping of the coating when trying to coat sharp edges or similar geometric 
shapes. 

[0008] Accordingly, there remains a need in the art for improved coating 
methods and coating compositions that provide effective protection against erosion 
resistance, such as is required for hydroelectric turbine components. Improved 
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coating methods and/or coating compositions on regions of hydroelectric turbine 
components desirably need coatings with a combination of high erosion resistance, 
low residual stresses, and higher thickness to provide a coating with long life and high 
erosion resistance in high silt concentration operating conditions. 

BRIEF SUMMARY 

[0009] Disclosed herein are erosion resistant coatings and processes, which 
are especially suitable for coating hydroelectric turbine components that are exposed 
to silt during operation thereof. In one embodiment, the erosion resistant coating 
comprises a matrix comprising cobalt chromium and a plurality of tungsten carbide 
grains embedded in the cobalt chromium matrix, wherein the grains are less than 
about 2 microns in diameter, wherein the cobalt is at about 4 to about 12 weight 
percent, and the chromium is at about 2 to about 5 weight percent, wherein the weight 
percents are based on a total weight of the coating. 

[0010] A hydroelectric turbine component exposed to silt particles during 
operation thereof comprises an erosion resistant coating on a surface of the 
hydroelectric turbine component formed by a high velocity air fuel process, the 
erosion resistant coating comprising a matrix comprising cobalt chromium, wherein 
the cobalt is at about 4 to about 12 weight percent, and the chromium is at about 2 to 
about 5 weight percent, wherein the weight percents are based on a total weight of the 
coating, and a plurality of tungsten carbide grains embedded in the cobalt chromium 
matrix, wherein the grains are less than about 2 microns in diameter. 

[0011] In yet another embodiment, a hydroelectric turbine component having 
surfaces exposed to silt particles during operation thereof, and are provided with an 
erosion resistant coating formed by a high velocity air fuel process, the erosion 
resistant coating comprising a matrix comprising cobalt chromium, wherein the cobalt 
is at about 4 to about 12 weight percent, and the chromium is at about 2 to about 5 
weight percent, wherein the weight percents are based on a total weight of the coating, 
and a plurality of tungsten carbide grains embedded in the cobalt chromium matrix, 
wherein the tungsten carbide grains are less than about 2 microns in diameter, and 
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more preferably consisting of a mixture of carbide grains some with 2 microns or 
lower and most in the range of 0.3 microns to 1.0 microns in size. 

[0012] A process for improving erosion resistance of a surface of a metal 
substrate, comprising thermally spraying a powder comprised of tungsten carbide and 
cobalt chromium by a high velocity air fuel process to form grains of the tungsten 
carbide in a cobalt chromium matrix, wherein the tungsten carbide grains are less than 
about 2 microns in diameter, wherein the cobalt is at about 4 to about 12 weight 
percent, and the chromium is at about 2 to about 5 weight percent, and wherein a total 
amount of the cobalt and the chromium is at about 6 to about 14 weight percent, 
wherein the weight percents are based on a total weight of the coating. 

[0013] The above described and other features are exemplified by the 
following Figures and detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] Figure 1 graphically illustrates the erosion rate of various WC-CoCr 
coatings as a function of percent relative decarburization for HVAF and HVOF 
thermal spray processes for WCCoCr coatings; 

[0015] Figure 2 are metallographic cross sections of WC10Co4Cr coatings 
made by HVOF and HVAF processes and illustrating the relative amounts of 
decarburization that occur from each respective process; 

[0016] Figure 3 shows a needle from a Pelton hydroturbine with an HVAF 
applied WCCoCr coating; 

[0017] Figure 4 graphically illustrates particle temperature as a function of % 
decarburization using an HVOF process for thermally spraying a WCCoCr coating; 

[0018] Figure 5 graphically illustrates erosion rate as a function of % 
decarburization for a thermally sprayed HVOF coating of WCCoCr. 
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DETAILED DESCRIPTION 

[0019] Disclosed herein are coating compositions and coating methods that 
provide erosion resistance to components prone to silt erosion while simultaneously 
maintaining suitable corrosion resistance. In one embodiment, a high velocity air fuel 
(HVAF) process is employed for depositing erosion resistant coatings onto a 
component surface. The HVAF process is a material deposition process in which 
coatings are applied by exposing a substrate to a high-velocity jet at about 600 m/s to 
about 800 m/s of about 5 to about 45 micron particles that are accelerated and heated 
by a supersonic jet of low-temperature "air-fuel gas" combustion products. The 
HVAF spraying process deposits an extremely dense (minimal porosity) and 
substantially non-oxidized coating. Moreover, increased thicknesses can be obtained 
relative to other thermal plasma spray processes, resulting in turbine components 
exhibiting superior erosion resistance properties. The HVAF process utilizes a fuel 
such as propane or propylene, or the like, that is combusted with air as opposed to 
oxygen, which is used in the HVOF process. As a result, the thermally sprayed 
particulate feedstock is exposed to a lower temperature as compared to the HVOF 
process. Since the HVAF process ensures a high particle velocity of about 600 to 
about 800 meters per second (m/s) and a lower particle temperature, the coatings 
produced thereby have lower levels of oxidation and decarburization as well as lower 
residual stresses. In contrast, HVOF thermal spray processes employ higher 
temperatures of about 1,500 to about 2,200°C, which deleteriously results in oxidation 
and deterioration of spray material upon deposition of the coating. Because of the 
oxidation as well as a buildup of residual stresses caused by the process, maximum 
coating thicknesses is at about 500 microns for the HVOF process. 

[0020] Robotic operation of the HVAF thermal spray gun is the preferred 
method to deposit the coating composition. The particles that form the coating are 
heated (not melted) and generate high kinetic energy due to the flame velocity. The 
particles splat out upon impact with the surface to be coated thereby forming a 
coating. The high velocity and lower temperatures employed reduce decarburization 
of primary carbides and enable thicker and denser coatings due to the lower residual 
stresses associated with the process. As such, high percentage primary carbide 
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coatings can be applied at thicknesses that were previously unattainable, thereby 
providing improved life of coatings in erosion prone environments. 

[0021] The HVAF process can advantageously be used to impart erosion 
resistance to those hydroelectric turbine components, or regions of components that 
are amenable to line of sight thermally sprayed coating processes. Thicknesses in 
excess of 500 microns have been obtained, and these coatings advantageously exhibit 
low levels of decarburization and low residual stress. As such, the HVAF process as 
described herein can provide coating thicknesses on hydroelectric components that are 
suitable for prolonged exposure to silt environment. The HVAF process is 
advantageously positioned to produce coatings consisting of hard particulates 
embedded in metallic binder matrix. The hard particulates can include metallic 
oxides, metallic borides, metallic or silicon or boron nitrides and metallic or silicon or 
boron carbides, or diamond. The metallic binder can consist of ferrous alloys, nickel 
based alloys or cobalt-based alloys. Advantageously, the HVAF process provides: a) 
high velocity during spraying that results in a dense well bonded coating; b) high 
velocity and lower flame temperatures resulting in a coating with low thermal 
degradation of the hard phase, and limited dissolution of the hard phase which 
produces coatings with the desired high "primary" hard phase content for better 
erosion resistance and better toughness; c) coatings with low residual stresses because 
of lower flame temperature; and d) coatings with high thickness because of lower 
residual stresses. Typically, when HVOF carbide coatings are sprayed to thicknesses 
in excess of 500 microns, cracking and/or spalling is observed because of residual 
stress in the coating. In contrast, HVAF coatings can achieve greater thickness 
without residual stress, thus forming coatings free from cracking, spalling and 
debonding. The combination of high primary hard phase content and high thickness 
makes HVAF coatings eminently suitable for erosion resistance applications in 
hydroelectric turbines. As noted in the background section, prior art process generally 
relied on HVOF technology, which is limited to maximum thicknesses of about 500 
microns. In contrast, the use of the HVAF process described herein can provide 
coating thicknesses in excess of 500 microns, with thicknesses greater than about 
2,000 microns attainable, thereby providing erosion resistant coatings that can 
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withstand prolonged contact in silt containing environments. For hydroelectric 
turbine components, the coating is preferably at least about 500 microns in thickness, 
with greater than 1,000 microns more preferred, and with greater than about 2,000 
microns even more preferred. 

[0022] As an example, nanostructured grains of tungsten carbide and/or 
submicron sized grains of (WC) were embedded into a cobalt chromium (CoCr) 
binder matrix. This particular erosion resistant coating was applied by an HVAF 
deposition of a powdered blend of the coating constituents. The cobalt plus 
chromium was combined with the tungsten carbide in a spray-dried and sintered 
process. Alternatively, a sintered and crushed powder with most of the cobalt 
chromium still present as metals can be used. They may also be combined with the 
carbide in a cast and crushed powder with some of the cobalt chromium reacted with 
the carbide. When thermally sprayed by the HVAF process, these materials may be 
deposited in a variety of compositions and crystallographic forms. As used herein, 
the terms tungsten carbide (WC) shall mean any of the crystallographic or 
compositional forms of tungsten carbide. 

[0023] Preferably, the HVAF process is employed to deposit a coating 
composition comprising Co in an amount by weight percent of about 4 to about 12, 
and Cr in an amount by weight percent of about 2 to about 5 weight percent, with the 
balance being WC. Also preferred is a total CoCr content from about 6 to about 14 
weight percent, with the balance being WC. The presence of Cr has been found to 
limit the dissolution of primary WC during the HVAF spraying process and ensure 
higher retention of the primary WC phase. It is well known that higher primary WC 
results in better erosion resistance. The relatively lower amounts of CoCr compared 
to prior art compositions, has been found to reduce the mean free distance between 
WC grains, which promotes erosion resistance. It has been found that the nanosized 
and/or micron sized WC grains generally did not crack and did not raise stress levels 
in the surrounding metal CoCr binder. Moreover, the WC grains improved erosion 
resistance at shallow angles and when cracking was present, resulted in a more 
tortuous path, thereby providing longer life to the coating. The size of the WC grains 
is preferably less than about 2 microns, with about 0.3 to about 2 microns more 
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preferred, and with about 0.4 to about 1 micron even more preferred. The use of the 
HVAF process to form the WCCoCr coating ensures minimal decomposition, 
dissolution, or oxidation of the WC particles and ensures coatings with high primary 
WC content. As such, relative to HVOF processes, decarburization is significantly 
decreased. 

[0024] Figures 1 and 2 graphically and pictorially illustrate a comparison of a 
WCCoCr coating made by the HVAF and HVOF thermal spray processes. The 
amount removed by erosion for the HVAF coating was significantly less than the 
amount removed for the HVOF coating. Moreover, the HVAF coating exhibited 13 
% decarburization compared to 54% decarburization produced in the HVOF coating. 
These surprising results clearly show the advantages of the HVAF process relative to 
the HVOF process. In Figure 2, both samples were etched to highlight areas of 
decarburization resulting from the respective processes. The darker and non-uniform 
structure shown in the HVOF coating is an indication of high levels of 
decarburization. In contrast, the coating produced by HVAF exhibited a uniform 
structure with no decarburization. HVOF is also limited to coating thicknesses of 
about 0.5 millimeters. Figure 3 pictorially illustrates a Pelton needle coated with 
WCCoCr using the HVAF to produce a thickness of about 1.5 millimeters. The 
Pelton needle was field tested thermal spray process for a period of about 2,360 hours 
and exposed to about 10,000 tons of sand. No significant erosion was evident. 

[0025] Figure 4 graphically illustrates particle temperature as a function of % 
decarburization using an HVOF process for thermally spraying a WCCoCr coating. 
As particle temperature was decreased during the thermal spray process, percent 
decarburization also decreased. Figure 5 graphically illustrates erosion rate as a 
function of % decarburization for a thermally sprayed HVOF coating of WCCoCr. 
The erosion rate was observed to decrease as a function of % decarburization. 

[0026] Coating by HVAF generally comprises use of a feed powder having 
the desired composition. For example, blending a WC-CoCr powder is usually done 
in the powder form prior to loading it into the powder dispenser of the thermal spray 
deposition system. It may, however, be done by using a separate powder dispenser 
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for each of the constituents and feeding each at an appropriate rate to achieve the 
desired composition in the coating. If this method is used, the powders may be 
injected into the thermal spray device upstream of the nozzle, through the nozzle, or 
into the effluent downstream of the nozzle. The preferred conditions for WCCoCr 
powder includes a powder size of about 5 to about 35 microns and a spray deposition 
temperature below about 1,600°C (see Fig. 4) so as to substantially prevent 
decarburization but also have enough kinetic energy to splat out the powder particle 
and weld it to the previous coating layer, i.e., substrate. Thermal spray deposition 
processes that generate a sufficient powder velocity (generally greater than about 600 
meters/second) and have average particle temperatures between about 1,500°C to 
about 1,600°C (for this powder and size) should achieve a well-bonded, dense coating 
microstructure with low decarburization and high cohesive strength can be used to 
produce these erosion resistant coatings. Once the particles reach a temperature 
where it is molten or in a softened state, a higher velocity generally results in coatings 
exhibiting improved cohesion and lower porosity. 

[0027] While the disclosure has been described with reference to an 
exemplary embodiment, it will be understood by those skilled in the art that various 
changes may be made and equivalents may be substituted for elements thereof 
without departing from the scope of the disclosure. In addition, many modifications 
may be made to adapt a particular situation or material to the teachings of the 
disclosure without departing from the essential scope thereof. Therefore, it is 
intended that the disclosure not be limited to the particular embodiment disclosed as 
the best mode contemplated for carrying out this disclosure, but that the disclosure 
will include all embodiments falling within the scope of the appended claims. 
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